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Abstract 
In the paper, a new CCHP system is proposed. The proposed system consists of a power generation unit (PGU), an 
absorption chiller, a storage tank as well as a ground source heat pump (GSHP). Then two basic load following 
strategies following the electric load(FEL), following the thermal load(FTL) are compared with the strategies 
following the hybrid load(FHL) and following maximum electric efficiency of PGU load based on primary energy 
consumption(PEC), operation cost and carbon dioxide emission(CDE). Finally, sensitivity analysis is performed and 
results are presented when electric and gas price change. 
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1. Introduction 
In the face of global warming, there is huge pressure to reduce greenhouse gas emissions in China. 
Therefore, under the terms of the 1997 Kyoto Protocol, the Chinese government agreed to try their effort 
to reduce greenhouse gas emissions; the National plan on climate change published in 2014.09 pointed 
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out that CO2 emissions per GDP should be reduced by 40%-45% from 2005 to 2020 and up to 2020, 120 
low carbon industrial demonstration parks should be built. With increasing energy demand and diversity 
of energy requirements, CCHP (combined cooling, heating and power) system is an alternative way to 
mitigate negative environmental impacts and improve energy utilization efficiency simultaneously. A 
good design of CCHP system results from many factors such as system configuration, and operation 
strategy etc.. Also, there are many preferential policies such as electric feed in tariff, carbon tax etc. to 
make CCHP system more economical. 
 
The objective of this paper is to propose a novel CCHP system with a backup GSHP. If the recovery 
heat of the PGU is insufficient, the GSHP system can be used to supply surplus cooling or heating. In this 
paper the efficiency of all equipment except heat exchanger is dynamic. Based on above, four different 
operation strategies are simulated with several optimization criterions such as: operation cost, PEC and 
CDE considering the feed in tariff and carbon tax. At last, the sensitivity analysis of electric price 
changing rate and gas price changing rate are given. 
2. Analysis Methodology 
2.1. System Configuration 
In order to provide sufficient energy and improve the flexibility of energy supply, a typical CCHP 
system consists of a power generation unit (PGU) interacting with thermally-activated components, such 
as absorption chillers, ground source heat pumps (GSHP), and heating exchanger. Fig. 1 illustrates a 
schematic of a building CCHP system and separate system. 
 
The objective of this paper is to propose a novel CCHP system with a backup GSHP. If the recovery 
heat of the PGU is insufficient, the GSHP system can be used to supply surplus cooling or heating. In this 
paper the efficiency of all equipment except heat exchanger is dynamic. Based on above, four different 
operation strategies are simulated with several optimization criterions such as: operation cost, PEC and 
CDE considering the feed in tariff and carbon tax. At last, the sensitivity analysis of electric price 
changing rate and gas price changing rate are given. 
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Fig.1 Schematic diagram of a CCHP system and separate system for the reference building 
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The energy flows and balances can be written as follows: 
 
When there are only cooling load and electric load, it is : 
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When there are only heating load and electric load, it is : 
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Where HSJX BK and KSJX BK  are the electric and thermal efficiency of the PGU, respectively. WUDQVK  and H[K  
are the transmission efficiency of the grid and heat efficiency of heating exchanger, respectively. COPac 
and COPgshp are coefficient of performance of the absorption chiller and GSHP, respectively. Fi, Egrid, 
Qsoil and Freq, Ereq, Qreq are the input fuel, electric heat and required fuel, electric, heat, respectively. 
Considering the excess electric or heat of the PGU which can be exported to grid or stored in storage 
tank,D , E  andJ  are the corresponding proportional coefficient. 
2.2. Objective Function and Constraints 
2.3.1 Primary energy consumption (PEC) 
 
Considering the feed in tariff, the PEC of the CCHP system and that of SP system is different. It can be 
calculated as follows: 
 

B HSJX
HH[FHVVHJULGISJX N(N(N)3(& Kuuu                             (3) 
 
Where kf and ke are the site-to-primary energy conversion factors of natural gas and electricity 
respectively. 
 
2.3.2 Carbon dioxide emissions (CDE) 
 
Similarly, considering the difference of CDE between natural gas and conventional coal, It can be 
calculated as follows: 
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Where IP and HP  are the emission factors of natural gas and electricity respectively. 
 
2.3.3 Operation cost (COST) criterion 
 
Apart from the cost of primary energy consumed, carbon tax and electric feed in tariff is also added to 
the operation cost criterion, It can be calculated as follows: 
 
SJXFHHH[FHVVHJULGISJX )&&&(&(&)&267 uuuu                         
(5) 
 
Where Cf is the unit prices of natural gas, Ce is the unit prices of electric, Cc is the unit carbon tax. 
3. Case Study 
 
 
Fig.2 Hourly cooling and heating loads for reference building 
 
 
Fig.3 Hourly electric load for reference building 
 
The energy load profiles of a building depend on the climate conditions. The city of Tianjin in cold 
zone was selected to obtain the building electric, cooling, and heating load profiles. The reference 
building described in this section assumed to be a hypothetical general office building, was simulated 
using the building energy simulation software DEST in order to obtain the hourly site energy 
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consumption profiles. The hourly cooling and heating loads are shown in Fig.2, the hourly electric load in 
weekdays and weekends is shown in Fig.3.  
 
The unit price of fuels (natural gas with LHV about 35.16MJ/nm3) is 3.15 ̞/m3 and electric price is 
0.4748̞/kWh during the day. 
 
The efficiency of PGU can be seen in [1], and the COP of absorption chiller can be seen in [2]. 
4. Results and Discussion 
4.1. Simulated results and discussion 
In this paper, four operation strategies for variation of loads during a year are studied. The four 
operation strategies are FEL, FTL, FHL, following maximum electric efficiency of PGU, respectively. 
The detailed instruction of the first three operation strategies can be seen in the literature [3]. The 
operation strategy of following maximum electric efficiency of PGU means that all the year, the PGU is 
running at the maximum electric efficiency. 
 
 
 
Fig.4. Variation of the PEC for the operation strategies 
 
 
 
Fig.5. Variation of the CDE for the operation strategies 
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Fig.4 to Fig.6 show the monthly variation of the PEC, CDE and cost compared with the reference 
system for different operation strategies. From them, it is shown that all the PEC and CDE variations are 
above zero. Thus whether any one of simulated operation strategies is used, the CCHP system is superior 
to SP system, especially the strategy of following maximum electric efficiency of PGU high to 259% in 
July and 90% in December, respectively. For FTL, the result is higher in hot summer and cold winter for 
the larger cooling and heating load, in which the highest value is 81.3% and 76.6%, respectively. Whereas 
the results of FEL and FHL are not so obvious and the variation of FHL is lower than that of FEL.  
 
 
 
Fig.6. Variation of the Cost for all the operation strategies 
 
 
 
Fig.7. Annual variation of COST, CDE and PEC 
 
From Fig.6, it is shown that the result of cost is not as favorable as that of PEC and CDE variation. For 
the following maximum electric efficiency of PGU, only in cold winter and hot summer, the cost 
variation value is positive, they are 9.9%, 10.9%, 2.3%, 8.5%, respectively. For other three operation 
strategies, the same tendency with following maximum electric efficiency of PGU operation strategy, the 
higher reduction has been received in cold winter and hot summer seasons. The maximum values are all 
obtained in July, 58.9% with FEL, 42.5% with FTL and 44.2% with FHL. From the overall results, FEL 
is optimal, FHL is the second, following maximum electric efficiency of PGU is worst.  
 
Fig.7 illustrates the annual variation of COST, CDE and PEC for the selected four operation strategies. 
It can be observed that the operation strategies reduce the cost except for the following maximum electric 
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efficiency of PGU operation strategy, where the cost increases by about 18%. For the FEL, FTL and FHL, 
the cost is able to be reduced by 34.7%, 18.2%, 28.7%, respectively. Similarly, the CDE is reduced by 
60.9%, 63.5%, 50.3% and 84.3%, respectively. The PEC is reduced by 76.2%, 100.4%, 62.9% and 180%, 
respectively. 
4.2. Sensitivity analysis 
 
From above, the most advantages of CCHP is less PEC, CDE and cost, while the prices of the electric 
and natural gas are very important to the economy of CCHP system. The high electric price, the lower gas 
price, the more favoring of the CCHP system will be used.  
 
From Fig.8 and Fig.9, it can be seen that the operation cost for both system increase with the 
increasing of electric price. When the electric price is higher than 0.7 times of current electric price when 
the gas price is 3.15$/m3, the operation cost of CCHP is lower than SP system. When the gas price is 
lower than 1.3 times of current gas price, that is 4.1$/m3, the CCHP system cost is lower than SP system. 
 
 
 
Fig.8. Sensitivity analysis of electric price changing rate 
 
 
 
Fig.9. Sensitivity analysis of gas price changing rate 
5. Conclusions 
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A CCHP system with a GSHP and thermal storage tank is proposed in this paper. Based on the 
requirement of the reference office building, Four hourly operation strategies under different loads are 
employed to analyze the PEC, CDE and cost reduction. The main conclusions drawn from the present 
study can be summarized as follows: 
 
(1) The PEC, CDE are able to be reduced using the proposed CCHP system to substitute the SP system 
all the year for any one of following strategy. 
 
(2) For the operation cost, the higher reduction has been received in cold winter and hot summer 
seasons. The maximum values are all obtained in July, 58.9% with FEL, 42.5% with FTL and 44.2% with 
FHL. 
 
(3) For the FEL, FTL and FHL, the annual cost is able to be reduced by 34.7%, 18.2%, 28.7%, 
respectively, while for following maximum electric efficiency of PGU, the annual cost increases by about 
18%,  .  
 
(4) When the electric price is higher than 0.7 times of current electric price, or when the gas price is 
lower than 4.1$/m3, the cost of CCHP is lower than SP system. 
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